Tidal theory predicts that the orbits of close extrasolar giant planets will circularize on timescales that can be comparable to the ages of those systems. Additionally, planets that are close enough and massive enough can spin up their central stars. Since the eccentricities of extrasolar planet orbits are determined by the radial velocity technique and since stellar rotation rates are observed, or at least derived, limits on the masses of close extrasolar planets can be placed. We find upper limits on the masses of eight extrasolar planets, including limiting the masses of u And b, HD 75289b, HD 187123b, and 51 Peg b to less than 1.48, 1.21, 0.59, and 0.51 Jupiter masses, respectively. There is a contradiction in the constrained mass of HD 217107b, in that its eccentricity is apparently too high. This anomalously high eccentricity could be real and caused by other planets in that system; or it could be an artifact of fitting a one-orbit solution to multiplanet data. The tidal limits placed on all these extrasolar planets are only as good as the knowledge of the stellar parameters (age, rotation period), which in some cases is not very good; better detailed knowledge of stars hosting planets will be necessary.
Tides between orbiting bodies transfer energy between orbits as energy is dissipated within the bodies (see, e.g., Airy 1969; Goldreich & Soter 1966) . Orbits can be circularized, and bodies spin-locked to each other. The timescales for transfer depend on the separation and masses of the two bodies and on Q, which is an approximation for the tidal lag, the angle between the tidal bulge and the line of centers:
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Q ≈ tan 2e ≈ 2e cause e is typically small (after Goldreich & Soter 1966) . In extrasolar planetary systems, we know only the minimum masses of the planets. Using tidal theory, we can constrain the masses of extrasolar giant planets (EGPs). These constraints, however, are only as good as the knowledge of the stellar, orbital, and planetary parameters.
Planets should have circular orbits if their circularization timescales are shorter than the lifetimes of their stars. The circularization timescale of a planet is given by 3 1 / 2 5 4 aM a
where a is the semimajor axis of the planet, is the mass of M ⋆ the central star, is the mass of the planet, and is the MR p p planet's physical radius (the size of the planet; Rasio et al. 1996) . (This is derived and rewritten from Goldreich & Soter 1966, eq. [25] .) The scaled relation for the 51 Peg system is then 
( ) ( ) ( ) 0.45 MR 0.051 AU J p which is much shorter than the age of the system (see Table 1 ). Guillot et al. (1996) , and the observed radius of HD 209458b ( R J ; Charbonneau et al. 2000) is remarkably close 1.27 ‫ע‬ 0.02 to this theoretical prediction. In this scaling, we assume a Q p of 10 5 ; we will return to this assumption below. For planets with large eccentricities ( ), a lower limit for the planet e տ 0.1 mass can be determined; for planets with , the mass e Շ 0.1 cannot be constrained from circularization arguments.
The primary in a tidal system can be spun up to match the secondary's orbital period if the spin-up timescale is less than the stellar age. The timescale for spin-locking the primary is symmetric with that of spin-locking the secondary, from Guillot et al. (1996; after eq. [14] from Goldreich & Soter 1966) , simply by exchanging planet and star subscripts, as follows: Note.-Stellar and planetary parameters for the 12 close extrasolar planets. Stellar radii are assumed to be 1.0 R , for HD 195019 and HD 217107 (probably not in error by more than 1%-2%). Stellar mass is assumed to be 0.78 M , for Gl 86 (Lang 1992) . All planetary radii are taken to be 1.25 R J ; the measured radius for HD 209458b is close to this value (Charbonneau et al. 2000) .
a Actual planet mass, assuming coplanarity between planet and circumstellar disk (Trilling & Brown 1998) . b Actual planet mass, since the inclination (and therefore the mass) is known from transits (Charbonneau et al. 2000; Henry et al. 2000) .
c Stellar rotation period could also be 8 days .
References.-(1) Butler et al. 1997 ; (2) Fischer et al. 1999; (18) derived from Queloz et al. 2000; (19) (20) Geneva Observatory press release 1999; (21) Butler et al. 1998 ; (22) Note.-Constraints on 12 extrasolar planets, based on data shown in Table 1. Shown are the timescales for circularization and spin-up and the planetary mass constraints given by circularization and spin-up. Limits in parentheses indicate limits which are not relevant and place no constraints, either because the orbits are already circular (for circularization), because the star has already spun up (for spin-up timescale), because the planet mass is otherwise known, or because the lower mass limit is less than the planet's (radial velocity) minimum mass. No useful constraints can be placed on 55 Cnc b, HD 209458b, t Boo b, or HD 192263b (see text) . Also listed are the minimum inclinations for these systems, from the spin-up constraint; 90Њ is an edge-on system. a Observed inclination is deg (Trilling & Brown 1998 
CONSTRAINTS ON EXTRASOLAR PLANET MASSES
Using the scaling shown in equations (2) and (4) and the measured properties of extrasolar planet systems (Table 1) , we can constrain the masses of some observed extrasolar planets (Table 2) . We assume that planets with are on neare Շ 0.1 circular orbits, that is, these orbits could have been circularized by tides. Orbits with have not been circularized by e տ 0.1 tides from the star. We constrain planet mass by setting the age of the system equal to the circularization and locking timescales (eqs.
[2] and [4]) found using the system's parameters and solving for planetary mass. This assumes that the length of time the planet has been at small orbital distance is equal to the age of the star, as would be the case for a planet that migrated inward from several AU early in the lifetime of the system (e.g., Lin et al. 1996; Murray et al. 1998) .
For four systems, we cannot constrain the masses of the companions by tidal theory. For 55 Cnc b, the mass is known to be M J , by assumption that the planet's orbit is coplanar ϩ1.1 1.9 Ϫ0.4 with the observed circumstellar disk (Trilling & Brown 1998) . The mass of HD 209458b is known to be 0.62 M J from direct measurement of a planetary transit (Charbonneau et al. 2000; Henry et al. 2000) . Neither of these masses are precluded by tidal theory (see Tables 1 and 2 ). Additionally, no mass limits can be placed on t Boo b because the orbit is nearly circular and the stellar rotation period is equal to the planet's orbital period. Lastly, for HD 192263b, since the lower mass limit given by circularization arguments (0.03 M J ) is less than the minimum mass determined by radial velocity (0.78 M J ) and since the stellar rotation period is 27 days (or possibly 8 days) and the planet's orbital period is 24 days , no lower or upper mass limits can be placed.
For three systems (HD 195019, Gl 86, and HD 130322) , no lower mass limit can be placed because the eccentricities of the planetary orbits are small. However, upper mass limits can be placed. For HD 195019b, the upper limit is so large (≤32 M J ) as to be nearly useless, and virtually no inclination angles for the system are excluded. The upper limits on Gl 86b and HD 130322b are 16.6 and 43.8 M J , respectively. The only substantive constraint that can be made for these three systems is that the companion masses must be less than 70 M J , i.e., that the companions are substellar.
For four systems (u And, HD 75289, HD 187123, and 51 Peg), we can place relatively stringent constraints on companion masses. This is because the semimajor axes of the planets are quite small (less than 0.06 AU). The mass of u And b must be less than 1.48 M J , or else the planet would have spun up the star. This mass for u And b, and the implied minimum inclination of 29Њ, gives masses for the three planets in the u And system ) of ≤1.48, ≤4.4, and ≤9.6 M J , for u And b, u And c, and u And d, respectively, assuming coplanarity. This is consistent with the masses found by Mazeh et al. (1999) from the Hipparcos data set: , , and M J . There is an apparent contradiction in the allowable masses for HD 217107b, since the mass limit given by the circularization timescale is ≥16 M J and the mass limit given by the spin-up timescale is ≤1.87 M J . There are two ways out of this apparent paradox. If is closer to 10 6 than 10 5 , then the planet Q p would be more efficient in dissipating energy than nominally assumed, and as a result, the mass would be constrained to be between around 1.6 and 1.9 M J (see eq. [2]). A second solution to the apparent paradox appears if there are additional planets in the system. Other planets in the system can pump up the eccentricity of the innermost planet; alternately, the current reported eccentricity may not actually be the true eccentricity of the planet. Instead, the reported eccentricity of 0.14 may include some inflation which corresponds to fitting a multiplanet data set with only one Keplerian orbit.
1 In other words, a multiplanet Keplerian fit to the HD 217107 data may yield a small eccentricity for HD 217207b. In fact, recent work suggests that the HD 217107 system has at least one additional planet in it. Therefore, HD 217107b is likely to be on a more circular orbit, and the contradiction may disappear, leaving . This technique should noted by ob-M ≤ 1.87 M p J servers: early indications of the possibility of other planets in an extrasolar planetary system can easily be found by looking for apparently contradicting mass limits.
ERRORS AND IMPLICATIONS
The limits placed here constrain the masses of extrasolar planetary companions, in a few cases, to less than around 2 M J , making these planets similar to Jupiter. However, these calculations are predicated on a number of assumptions about the planets, the stars, and the tidal evolution of the system. Errors can be propagated through equations (2) and (4).
Planetary mass, semimajor axis, eccentricity, and radius all must be known to place tidal limits. Errors in mass and semimajor axis are unlikely to be large, given the nature of the radial velocity method. Errors in eccentricity can be larger; here, we take the best determined values for eccentricity, noting 1 When u And b was first announced, its published eccentricity was an anomalously large 0.1 ). However, two more planets were found in this system , and the new solution for the orbits of these three planets produces a small eccentricity ( ) for the innere=0.034 most planet, resolving the apparent contradiction. that future observations may cause revisions of these numbers. Planetary radius is another potential source of error; here we have assumed 1.25 R J . Since planetary radius enters into equations (1) and (2) to the fifth power, a range in planetary radius of 20%, as has been found by Burrows et al. (2000) based on the planets HD 209458b and t Boo b, leads to a factor of 2.5 difference in circularization timescale and hence mass limit. This error is of the same magnitude, or smaller than, the magnitude of the error induced by errors in stellar parameters (see below) and can only truly be removed for planets observed in transit (like HD 209458b) .
In this work, we assume (after Hubbard 1984; & Lindzen 1993; Lin et al. 1996) . If were signif-Q p icantly lower-for example, around the Earth's value of 100-then the circularization timescale becomes shorter, and lower mass limits increase by a factor of 1000. Since, except for HD 209458b, nothing is known about the physical sizes of these close EGPs, we cannot rule out large, rocky extrasolar planets. However, even if close EGPs are largely silicate as opposed to largely gaseous, the planets would be almost entirely molten with surface temperatures of more than 1000 K (Guillot et al. 1996; Trilling & Melosh 1998) , and would Q p more closely resemble that of the fluid, gaseous Jupiter than the solid, rigid Earth. Additionally, HD 209458b is known to have a radius of around 1.25 R J , as predicted (Guillot et al. 1996) , consistent with a gaseous giant planet. Therefore, the assumption of is reasonable. Errors in the knowledge of stellar parameters limit the confidence we can place in the derived tidal mass limits. Knowledge of stellar ages and rotation periods is crucial for limiting planet masses. Lachaume et al. (1999) have found that for cool stars, the age-determining methods of stellar rotation and stellar activity both work well. The stellar rotation method is based on angular momentum loss with age of the star; the Lachaume et al. (1999) parameterized function relating P star and age depends on stellar [Fe/H] and BϪV. The stellar activity technique of determining stellar age is based on calcium H and K line emission (Noyes et al. 1984) . This method relies on the correlation between observed and observed rotation period ′ log R HK as well as age and has been used by many groups (see, for example, Skumanich 1972; Noyes et al. 1984; Soderblom 1983 Soderblom , 1985 Soderblom, Duncan, & Johnson 1991; Henry et al. 1996 ; among others). Because these correlations have been studied for a large number of stars, they are largely reliable, although star-to-star variability is always possible. Lachaume et al. (1999) report that the stellar rotation and chromospheric activity age determination methods agree well, with a typical error of around a factor of 3, and we have used one or the other method to derive stellar age and/or rotation period for several of the stars in this study (see Table 1 ). Detailed studies of stars hosting extrasolar planets have improved our knowledge of some stellar parameters (for example, Baliunas et al. 1997; Fuhrmann, Pfeiffer, & Bernkopf 1998; Ford et al. 1999; Gonzalez & Laws 2000, and many others) , and the present work should indicate that detailed knowledge of these stars and others hosting extrasolar planets is needed. All stellar parameters (mass, age, rotation rate, radius) must be well known for robust tidal mass limits to be placed.
It is also possible that the simple tidal theory used here is (Peale 1988) . Similarly, the tidal theory in this work does not allow forced eccentricities (e.g., Jupiter's moon Europa; Peale 1986), although this mechanism requires multiple bodies in close proximity, a scenario that is largely ruled out for extrasolar planets by a lack of additional signal in the radial velocity data. There are four main conclusions of this Letter:
1. The masses of the extrasolar planets in several systems are constrained to be very close to their minimum masses and less than around 2 M J .
2. Anomalously high apparent eccentricities may indicate the presence of other bodies in a system, most likely by fitting a single planet Keplerian solution to a multiplanet system. Systems with anomalously high eccentricity in particular should be examined closely for the presence of other planets.
3. Because we can place upper mass limits on some EGPs, we can also therefore limit the inclinations of those systems. These limits, shown in Table 2 , are suprisingly gentle, and in general the constraints are not stringent enough to suggest systems to search for transits. One system with a strong inclination limit has a transiting planet (HD 209458; Charbonneau et al. 2000; Henry et al. 2000) ; no transits were detected for the HD 187123 system (Castellano 2000) , the system with the strongest inclination limits. 4. Better data on the properties of the stars hosting extrasolar planets are needed in order to have full confidence in the limits on extrasolar planet masses placed in this work. However, in general, this technique is a valid one, and one by which we gain additional clues to the nature of extrasolar planetary systems.
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